The accumulation of oxidative damage is strongly linked to age-dependent declines in cell function, but the contribution of oxidative damage to morbidity is still debated. Many organisms seem to tolerate oxidative damage, and the extension of health span and life span by augmenting antioxidant activity has been inconsistent. Here we use the Drosophila model system to investigate the relationship among oxidative stress, health span, and life span. The oxidation-dependent dissociation of the Calstabin protein from the ryanodine receptor has been shown to result in reduced muscle function in mammals. The S107 molecule is able to reestablish this binding resulting in improved muscle function. We find that S107 is able to restore motor function in aging Drosophila to young levels, and this effect of S107 is absent in calstabin (FK506-BP2) mutants. Interestingly, FK506-BP2 mutant flies have reduced sensitivity to the effects of age and oxidative stress on motor function between 7 and 35 days of age. Muscle expression of FK506-BP2 in FK506-BP2 mutants completely restores the sensitivity of motor function to both age and oxidative stress, supporting the idea that the age-dependent decline in motor function in Drosophila requires FK506-BP2 function within the muscle. Although FK506-BP2 mutant flies are found to have less sensitivity to oxidative stress, FK506-BP2 mutants do not live longer than wild type. These results demonstrate that the deleterious effects of oxidation on motor function early in life are the result of a singular event that does not compromise survival.
The oxidative stress theory of aging proposes that a critical mechanism underlying the aging process is the production of oxidants during aerobic metabolism. These reactive oxygen species can oxidize proteins, resulting in the age-dependent accumulation of oxidized macromolecules that ultimately compromise cell and organ function leading to reduced life span (1) . Although it is clear from numerous studies that the products of oxidation do accumulate with age and can alter normal protein function, evidence that oxidative stress directly contributes to limiting life span is controversial (2) (3) (4) (5) . For example, a large number of studies from a diverse array of model organisms have demonstrated that experimentally compromising antioxidant pathways results in enhanced susceptibility to stress and premature reduction in cellular function, but only in some cases does it affect life span (4, 6 -11) . However, the converse manipulation of genetically or pharmacologically increasing antioxidant levels has resulted in only sporadic effects on health span and life span (4, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Furthermore, some long-lived bird and animal species exist with relatively high levels of oxidative stress and/or low levels of antioxidants throughout life, suggesting that these organisms are resistant to effects of oxidative stress (5, (21) (22) (23) (24) (25) . Finally, low levels of oxidative stress can result in the induction of cytoprotective processes, resulting in enhanced protection against the effects of age on cellular function, supporting the idea that some protein oxidation events are actually beneficial for survival (2, 26, 27) . It is expected that a better understanding of the molecular mechanisms underlying the effects of oxidative stress on health span and life span will help to resolve these discrepancies.
The term "health span" refers to the ages that define the optimal health of the organism. A major determinant of health span in many organisms (including humans) is the age-dependent decline in muscle function. The ryanodine receptor (RyR) 2 has been established as an important target of oxidation in aging skeletal muscle in mammals (3-5, 28, 29) . The oxidation of the RyR results in the dissociation of the RyR-binding protein Calstabin, a member of the diverse FK506 binding protein family (4, 6 -11, 28, 30) . The dissociation of Calstabin results in a persistent calcium leak through the RyR and reduced muscle contraction (4, 11-20, 28, 30 -32) . The binding of Calstabin to the oxidized RyR can be re-established via the actions of a 1,4benzothiazepine derivative (S107) that has been shown to reverse the effects of age on muscle function in mice, resulting in an increased health span (5, 21-25, 28, 33) . This is similar to what has been observed with administration of the SS-31 peptide to aged mice, which has been shown to improve muscle function as a result of improved mitochondrial function in skeletal muscle, supporting the idea that increased oxidative stress in skeletal muscle is an important cause of compromised muscle function during aging (34) .
Results

S107 Restores Muscle Function during Aging in Drosophila-
To investigate the effects of age on muscle function in Drosophila, we utilized a simple motor reflex in flies known as the proboscis extension reflex (PER) (35) . The activation of the muscles controlling proboscis is motor neuron-dependent and utilizes a classic excitation:contraction coupling mechanism similar to mammalian skeletal muscles. Bristles on the tip of the proboscis were tracked during an extension event using high speed video microscopy and particle tracking software (Fig.  1A) . Extension paths were generated from acquired PER videos, allowing for quantification of maximum velocity, average velocity, and the linear displacement of the tip of the proboscis (Fig. 1B) . We observed a continuous and significant reduction in both maximum ( Fig. 1C ) and average velocity ( Fig. 1D ) of the proboscis extension. Although velocities decline continuously throughout the life span, we observe an abrupt change in the linear displacement of the proboscis between 35 and 42 days of age ( Fig. 1E ). Because this change in displacement correlates strongly with the age-dependent potentiation of neurotransmitter release we previously demonstrated at the cibarial muscle 9 neuromuscular junction (CM9 NMJ) (36), we believe that this change in displacement is related to this change in motor neuron output and not muscle physiology.
The age-dependent decline in skeletal muscle function in mammals has been attributed to the oxidation-dependent dissociation of the Calstabin accessory protein from the RyR (28) . The drug S107 has been shown to reverse the effects of age on muscle function presumably by re-establishing the binding of Calstabin (also known as FKBP12.1) to the oxidized RyR, thereby providing a pharmacological method for investigating the role of this mechanism in the decline in proboscis extension velocities ( Fig. 2A ). Because the effects of S107 are believed to be due to the stabilization of the binding of Calstabin to the RyR, we utilized a mutation in the putative Drosophila calstabin homologue FK506-BP2 to control for the effects of S107 in these experiments (28, 33) . The product of the FK506-BP2 locus shares over 75% amino acid identity with both murine and human Calstabin proteins. To investigate whether this gene product is required for the effects of S107, we utilized a fly line carrying a P-element insertion (P FK506-BP2 KG00828 ) that dis-FIGURE 1. Age-dependent decline in motor function. A, images from time lapse video of PER from a 7-day-old animal are subjected to bristle tracking. Bristle path indicated in last frame and event time indicated at top right. B, representative bristle paths from 7-and 42-day-old wild type flies (18 paths from 9 flies/age). C-E, graphs represent the average value for maximum (C), average velocity (D), and linear displacement (E) determined from the bristle path analysis of PERs from 7-63-day-old wild type flies (14 -28 events from 9 -14 flies). Error bars indicate S.E. All significant differences were determined using ANOVA. **, p Ͻ 0.01. FIGURE 2. S107 improves proboscis extension and survival. A, a model of age-dependent oxidation of RyR and the restorative effect of S107. B, a schematic of a Drosophila FK506-BP21 gene indicating the coding sequences (CDS), untranslated regions (UTR), and the location of the P-element (FK506-BP2 KG00828 ). C-E, graphs represent the percentage of increase versus control (vehicle only) in flies fed S107 for indicated 1 week period in maximum (C), average velocity (D), and displacement (E) from wild type (black bars) and FK506-BP2 (fkbp2) mutant flies (gray bars). Average values were normalized to vehicle control values for each condition (n ϭ 14 -19 events from 7-10 flies rupts the Drosophila FK506-BP2 gene ( Fig. 2B ). Because this allele will be used to control for off target effects of S107, this P-element was backcrossed 10 generations to our wild type strain (w 1118 ) and assayed as a homozygotic FK506-BP2 mutant to minimize differences in genetic backgrounds. Virgin wild type and FK506-BP2 flies of various ages were fed food supplemented with S107 or vehicle for 7 days prior to assaying motor function using PER. S107 data are presented as normalized to vehicle control for each treatment group to help illustrate the age-dependent effects of S107 on motor function. All average values from these analyses are presented in Table 1 . We find that treatment of wild type flies with S107 significantly improved maximum ( Fig. 2C , black bars) and average velocity ( Fig. 2D , black bars) at 28 and 42 days of age but not at 14 days of age. We also observe that the magnitude of the effects of S107 on extension velocity in wild type increases with age ( Fig. 2 , C and D, black bars). Both of these effects of S107 are absent in FK506-BP2 mutant flies ( Fig. 2 , C and D, gray bars). There was also no effect of S107 on displacement, supporting the idea that this phenotype is not a result of declining muscle function ( Fig.  2E ). These data are consistent with an evolutionarily conserved effect of S107 during age-dependent motor dysfunction. We predicted that declining motor functions would be a key contributor to mortality in our fly colonies. To test this possibility, we determined the effects of S107 on survival. Life span data were collected from wild type and FK506-BP2 flies raised on normal food to 35 days of age when flies were split into two groups with one group receiving food supplemented with S107 and the other group receiving food treated with vehicle (control). Despite being put on S107 at 35 days of age, the mean life span of wild type flies after treatment was significantly different compared with the flies fed vehicle only resulting in an increase in the mean survival post-drug of 19.6% (Fig. 2F, gray bars) . It should be noted that these life span analyses were terminated after all animals receiving the vehicle supplemented food died to conserve drug; thus the effects of drugs on mean survival are underestimated. At the termination of the experiment, 12% of the initial cohort of wild type flies receiving the S107 supple-mented food remained alive. In parallel experiments, S107 had no effect on survival when fed to FK506-BP2 mutant flies, and all mutant flies died in these cohorts ( Fig. 2F ). We also observe that FK506-BP2 mutant control flies have a reduced mean life span ( Fig. 2F , black bars). Collectively, these data demonstrate that S107 can extend health span and life span in an FK506-BP2-dependent fashion.
We wondered whether the effects of S107 on PER are due to increased neurotransmission at the NMJ. To investigate this possibility, we analyzed synaptic transmission at the CM9 NMJ from 14-and 42-day-old wild type animals treated with S107 for 7 days. This NMJ is located on the CM9 muscle group of the proximal proboscis and is known to participate in proboscis extension (35, 37) . We observe no significant difference in the amplitude or shape of miniature end plate junctional potentials (mEJPs) between animals treated with vehicle and S107, demonstrating no change in the sensitivity of muscle to the excitable effects of neurotransmitter ( Fig. 3, B and F). We also did not observe differences in the resting membrane potentials or input resistance ( Table 2 ). These data reveal that S107 has no effect on the electrical properties of the muscle. We did observe that average amplitudes of evoked EJPs are significantly reduced in 42-day-old animals treated with S107 ( Fig. 3 , E and G) compared with 14-day-old animals ( Fig. 3 , A and C). Analysis of quantal content (the number of vesicles released per EJP) revealed that this specific reduction in EJP amplitudes at 42-day-old NMJs in animals fed S107 compared with 14-dayold NMJs was the result of a significant reduction in neurotransmitter release (Fig. 3 , D and H). These interesting results suggest that the age-dependent potentiation in neurotransmission could be compensatory for declining motor function (36) . Importantly, these data demonstrate that the improvement of motor function in 42-day-old flies by S107 is not the result of increased neurotransmission.
The Effects of Age and Oxidative Stress on Muscle Function Require the Drosophila FK506-BP2 Gene-Using our PER assay, we observed that FK506-BP2 mutants have reduced values for maximum and average velocities compared with wild type flies analyzed in parallel between 7 and 35 days of age, demonstrating that FK506-BP2 is required for normal muscle function during this early period in the life of the fly (Fig. 4, A  and B) . Furthermore, the magnitude of the reduction in extension velocities that we observe in our FK506-BP2 mutants compared with controls at 7 days (ϳ25%) is quantitatively similar to what was reported for the change in contractile force in muscle fibers isolated from young Calstabin-KO mice compared with young wild type mice, supporting the evolutionarily conserved nature of FK506-BP2 function (28) . These data are consistent with channel studies demonstrating a modulatory and not obligatory role for Calstabin/FKBP12.6 for RyR gating during muscle contraction (30, 38) . Although initial velocity is reduced in FK506-BP2 mutants, we observe that FK506-BP2 mutants actually have significantly increased extension velocities at 42 days of age compared with wild type flies ( Fig. 4, A and B) . Between 42 and 63 days of age, the extension velocities in FK506-BP2 mutants declined precipitously, resulting in flies with visibly impaired motor function. To investigate whether these observations extend to other motor behaviors, we com- 
Analysis of the effects of S107 on proboscis extension
The FK506-bp2 mutation utilizes the lab w 1118 stock (wild type) as the genetic background. Age is presented as the treatment window in days post-eclosion with analysis occurring on final treatment day. All of the values represent averages with S.E. presented in parentheses. N represents the number of animals analyzed (16 -28 events/animal). The values for the treatment window [35] [36] [37] [38] [39] [40] [41] [42] pared the wall climbing of wild type flies and FK506-BP2 mutants and found that wild type flies outperformed FK506-BP2 mutant flies at 30 days of age but that FK506-BP2 mutants outperformed wild type at 45 days of age ( Fig. 4C ). To control for the effects of FK506-BP2 mutations on muscle development or excitability, we examined the morphology of CM9 muscle fibers in 7-day-old FK506-BP2 mutants and found no significant difference in the number of muscle fibers or myonuclei morphology compared with wild type ( Fig. 4D and Table 2 ). Additionally, analysis of FK506-BP2 mutant electrophysiology revealed no significant difference in muscle excitability ( Table  2 ). These data demonstrate that the effect of FK506-BP2 mutants on muscle function in young animals is not due to changes in muscle excitability or gross muscle morphology.
To determine whether the decrease in muscle function observed in young FK506-BP2 mutants is due to the loss of FK506-BP2 function specifically in the muscle, we performed transgenic rescue experiments by expressing a UAS-FK506-BP2 transgene in the muscles of FK506-BP2 mutants using a muscle Gal4 driver (MHC-Gal4). Muscle expression of wild type FK506-BP2 in FK506-BP2 mutants rescued the defects in maximum and average velocities observed in 7-day-old flies (Fig. 4, E and F, red squares) . Furthermore, the expression of FK506-BP2 within the muscle of FK506-BP2 mutant restores muscle function, including the progressive declines in motor function observed between 7 and 35 days of age in wild type flies ( Fig. 4 , E and F, red squares; see Fig. 4 , A and B for wild type comparison). Neuronal expression of FK506-BP2 in FK506-BP2 mutants using the panneuronal C155-Gal4 driver failed to rescue motor function (data not shown).
Based on the existing data from the mouse, the oxidation of the RyR receptor results in the dissociation of the Calstabin, leading to compromised muscle function in aged animals (28) . To investigate this hypothesis, we induced oxidative stress with paraquat in young flies and assayed the effects on motor function. Both wild type and FK506-BP2 mutant flies were raised on normal aging food until 7 days of age and assayed for motor function. Remaining flies were split to three different food conditions: 1) vehicle, 2) a sublethal concentration of paraquat, or 3) paraquat ϩ S107 (Fig. 5A) . The flies were maintained on these conditions for 7 days and then re-evaluated for motor function. We found that treating the young wild type flies with paraquat for 7 days resulted in a significant decrease in maximum ( Fig. 5B , black squares) and average ( Fig. 5C , black squares) velocities compared with vehicle alone ( Fig. 5B and C, gray diamonds). Importantly, adding S107 to paraquat food completely reversed the effects of paraquat and restored both maximum and average velocity to control values (Fig. 5, B and C, red triangles). To verify that the paraquat treatment increased oxidative stress, flies subjected to these treatment con- ditions were subjected to immunoblot analysis of the 4-hydroxynonenal (4-HNE) product of lipid oxidation, which has been used previously to monitor oxidative stress in Drosophila (Fig. 5 , D-F) (39, 40) . Not only do we observe a significant increase in 4-HNE adducts under our paraquat treatment conditions, the inclusion of S107 did not blunt the effect of paraquat on the generation of oxidative stress (Fig. 5, D-F) .
Unlike the wild type flies, feeding FK506-BP2 mutants paraquat for 7 days did not result in a significant decrease in either maximum (Fig. 5G, black squares) or average (Fig. 5H, black  squares) velocities. Furthermore, adding S107 to food supple-mented with paraquat did not have any effect on either maximum or average velocities in FK506-BP2 mutants (Fig. 5, G and  H, red triangles) . Analysis of 4-HNE adducts demonstrates that feeding paraquat (Fig. 5 , I-K, black bars) and paraquat ϩ S107 (Fig. 5 , I-K, red bars) to FK506-BP2 mutants significantly increased the formation of 4-HNE adducts (Fig. 5, I-K) , similar to what is observed in wild type (Fig. 5, D-F) . These data demonstrate that paraquat has no effect on motor function in FK506-BP2 mutants.
We wanted to confirm that the RyR is oxidized under our experimental conditions. The chromosome deficiency, Df BSC269, lacks the region containing the RyR gene and was used as a null allele in these studies. We found reduced levels of RyR protein in the heterozygotic DfBSC269/ϩ mutant (RyR Df /ϩ) compared with wild type controls supporting the specificity of the Drosophila RyR antibody (Fig. 6, A and B) . To determine whether the RyR gets oxidized as flies age, we subjected young (7 and 14 days old) and old (55 days old) flies to both fractionation and immunoprecipitation purification of RyRs followed by immunoblot analysis of 2,4-dinitrophenylhydrazine (DNPH) derivation of protein carbonyls and RyR receptor cysteine nitrosylation. This approach has been previously used to assay the level of RyR protein oxidation in mouse cardiac muscle (28) . We observed that the RyRs from aged flies (55 days old) exhibit increased oxidation compared with young animals (7 and 14 days old) ( Fig. 6, C, D, E, J, and K) . In addition, the effect of age on RyR oxidation was phenocopied in our young flies being fed paraquat from 7 to 14 days of age ( Fig. 6, F-K) . These analyses demonstrate that the Drosophila RyR is oxidized during aging and in response to paraquat-induced oxidative stress.
To verify that the effects of paraquat on motor function were due to FK506-BP2 function in muscle, 7-day-old FK506-BP2 mutant flies expressing wild type FK506-BP2 only in the muscle were treated with paraquat for 7 days and assayed for PER. The expression of FK506-BP2 in FK506-BP2 mutant muscle completely restored the sensitivity of motor function to paraquat compared with controls ( Fig. 7, A and B, red triangles) . It should be noted that in these experiments, we observed that the viability of the MHC-Gal4/ϩ control stock was compromised in the presence of paraquat, and the animals did not survive the handling during the PER analysis. Taken together, these data support the model that the effects of paraquat on motor function require FK506-BP2 function in the muscle.
We also observe that muscle overexpression of FK506-BP2 in 7-day-old flies provides protection against the effects of paraquat on proboscis extension, similar to what we observe with S107 ( Fig. 7, C and D) . This suggests that bound FK506-BP2 can protect the RyR from oxidation. In addition, the overexpression of FK506-BP2 also provides some protection against the declines in motor function observed during age (Fig. 7, E and F) . Interestingly, the magnitude of the effects of FK506-BP2 overexpression is much less in 42-day-old animals (13-18% increase versus controls) compared with what we observe for S107 (51-55% versus controls; Fig. 2 ). These suggest that S107 is more potent in rejuvenating motor function in older flies than overexpression of FK506-BP2. One possibility is that S107 is able to overcome the effects of oxidation on the function of the RyR, DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50
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whereas FK506-BP2 overexpression only modulates the function of the unoxidized RyR ( Fig. 7G) (33) .
Discussion
Loss of FK506-BP2 Function in Muscle Contributes to Health
Span in Drosophila-In this study, we have used the Drosophila PER as a proxy for muscle function to investigate the role of FK506-BP2 and oxidative stress in age-related declines in motor function. Our data demonstrate that the declines in extension velocities observed during young to mid-life require FK506-BP2 function in the muscle. This model is strongly supported by our genetic rescue data demonstrating that muscle expression of FK506-BP2 in FK506-BP2 mutants is able to rescue the declines in extension velocities observed during the early stages of life. Furthermore, we observe that feeding wild type flies S107, a drug that restores FK506-BP2 binding to oxidized RyRs, completely reverses the decline in motor function. Importantly, this effect of S107 on muscle function is absent in the FK506-BP2 mutant. In addition, the effect of S107 is dependent upon the age of the animal because feeding young flies S107 has no effect on motor function. Moreover, we found that supplementing our lab diet with S107 is sufficient to extend life span in aged wild type flies but not FK506-BP2 mutants, dem-onstrating that the effects of S107 on health span and life span require FK506-BP2 function. Because mammalian models have also shown that loss of FK506-BP2 binding caused by RyR oxidation results in a decline in health span (28) , these data support the idea that the oxidation of the RyR and the subsequent loss of Calstabin binding is an evolutionarily conserved event that contributes to declines in health span. Although we did not directly demonstrate the dissociation of FK506-BP2 from the RyR in our system, we did provide evidence of the oxidation of the RyR in response to both age and paraquat supporting this hypothesis.
The age-dependent loss of motor function that we observe in young animals appears to be the result of increasing oxidative stress because it is phenocopied by feeding young animals paraquat, a compound that poisons the electron transport systems in mitochondria resulting in enhanced oxidative stress (41) . Further, the effects of this potent oxidative stressor on muscle function are completely reversed by S107. The effects of paraquat on muscle function are dependent upon FK506-BP2 because FK506-BP2 mutant flies lack the effects of paraquat on muscle function and muscle-specific rescue of FK506-BP2 mutants restores the sensitivity of muscle function to paraquat. This is similar to what we observe with the requirement for FK506-BP2 during the effects of aging on muscle function. Combined with our biochemical data, these results support the hypothesis that the effects of age and paraquat on motor function require FK506-BP2 expression in the muscle. These results are consistent with recent work from mice showing that mitochondria engineered to overexpress catalase protects against RyR oxidation, subsequent FK506-BP2 dissociation, and muscle weakness (42) .
These data support the oxidative stress theory of aging in which reactive oxygen species generated during normal cellular metabolism cause oxidant damage to proteins and lipids, resulting in decreasing cellular function. Our data also highlight a singular cellular component that is sufficient to alter both health span and life span in response to oxidative stress. In our experiments, it is unclear exactly how motor function contributes to mortality, and it is possible that the effects of S107 on life span are due to restoration of FK506-BP2 function in a non-muscle tissue. Perhaps enhanced muscle function could increase survival because of a general requirement of movement for optimal fitness including proximal requirements such as avoiding accidents (getting stuck in food), grooming, and feeding. Although it is likely that the contribution of declining motor function to health span and life span will be different for different species, the effects of FK506-BP2 dysfunction on human skeletal and cardiac muscle function is clear (43) (44) (45) . Therefore it is likely that RyR oxidation represents an important age-dependent morbidity in both vertebrates and invertebrates and represents an exciting target for the extension of human health span and life span.
Aging in FK506-BP2 Mutants-We find that extension velocity is significantly higher in 42-day-old FK506-BP2 mutant flies than age-matched controls, despite the fact that young FK506-BP2 mutants have reduced initial extension velocities. This effect of FK506-BP2 mutants on motor function is also reflected in our wall climbing assays that find that the 45-day-old FK506-BP2 mutants outperform age-matched controls. We believe that a key difference between a 45-day-old wild type and a 45-day-old FK506-BP2 mutant is the presence of FK506-BP2 in the cytosol of wild type muscles that has dissociated from the RyR in response to oxidation. Perhaps this pool of liberated FK506-BP2 participates in a compensatory signaling system that changes RyR function during high intensity contraction conditions to protect the muscle from the effects of increased calcium discharges from the SR. In FK506-BP2 mutants, this signal is absent, and calcium discharge remains increased into later life resulting in a stress-induced muscle failure that man- 1 and 2) and RyR/ϩ (RyR Df ; lanes 3 and 4) fly extracts probed with anti-dRyr antibody. B, bar graph represents quantification of the immunoblot in A (n ϭ 4). C, left panel, immunoblot analysis of DNPH-treated proteins from 7- (lanes 1 and 2), 14-(lanes 3 and 4) , and 55-day-old (lanes 5 and 6) DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 26051 ifests in our system as the precipitous decline in extension velocities that we observe from 42 to 62 days of age in FK506-BP2 mutants. This possibility is supported by the observations that increased calcium discharge resulting from exercise induced oxidation is able to activate the calcium-dependent calpain protease (29) and the finding that mice lacking Calstabin/FKBP12.6 are highly susceptible to exercise-induced sudden cardiac arythmia (46) .
Effects of Oxidation on Declining Motor Function
The prolonged maintenance of motor function with age in FK506-BP2 mutants is reminiscent of recent studies showing that the extraordinarily long-lived rodent, the naked mole rat (NMR) maintains cardiac function, as measured by fractional shortening, well into its third decade of life, much longer than the equivalently sized mouse (47) . However, all of the markers of cardiac function are indicative of a very low basal systolic function in NMRs, similar to the reduced motor function observed in FK506-BP2 mutants (47) . It is interesting to note that NMRs are known to have much higher levels of protein oxidation compared with other mammals (22) . Perhaps this phenocopy with our FK506-BP2 mutants indicates that FK506-BP2 is constitutively dissociated from the RyR in the NMR, eliminating this source of age-dependent decline in both cardiac and skeletal muscle function and contributing to the greater tolerance to oxidative stress of the NMR (5) . Because NMRs have not been reported to suffer sudden cardiac arrhythmias, it is possible that they have developed a novel compensatory mechanism to deal with the increased cytosolic calcium levels.
Given that FK506-BP2 mutants have reduced sensitivity to oxidative stress, one might expect that FK506-BP2 mutants would have increased longevity. Surprisingly, we observe that FK506-BP2 mutants exhibit a dramatic and abrupt decrease in motor function and reduced life span. One explanation for this observation is that in young animals the liberation of FK506-BP2 from the RyR in response to oxidative stress results in reduced motor function and compromised fitness. Perhaps in aged flies, similar to what we proposed for the effects of soluble FK506-BP2 on motor function, the increasing amount of soluble FK506-BP2 liberated from the RyR also induces cytoprotective processes that are able to extend health span and life span. This possibility is supported by the observations that FKBP12, the FK506-BP2 homologue, participates in signaling systems including TGF-␤ and mTOR (38, 48) . This "hormetic" effect of FK506-BP2 is muted in young animals that have strong binding of FK506-BP2 to the RyR and only contributes to survival late in life. Further, this beneficial effect later in life must provide an advantage to the animal that outweighs the benefits associated with the reduced sensitivity of young FK506-BP2 mutants to oxidative stress. Understanding how FK506-BP2 function changes with age should provide insight into the cellular effects of oxidative stress and how oxidation contributes to health span and life span.
Experimental Procedures
Fly Stocks-The following genotypes were used: w 1118 (wild type), ElaV-Gal4 (C155; Robinow and White, 1988), MHC-Gal4 (Bloomington Drosophila Stock Center), P{SUP}FK506-BP2 KG00828 (Bloomington Drosophila Stock Center), Df(2R) Exel6069 (FK506-BP2) (Bloomington Drosophila Stock Center), and Df(2R)BSC269 (RyR Df ) (Bloomington Drosophila Stock Center). Transgenic UAS-FK506-BP2 (fkbp2) line was generated by microinjection into w Ϫ1118 (Rainbow Transgenic, Camarillo, CA).
Fly Husbandry and Life Span Analysis-All life span and health span analyses were performed on virgin female flies kept on a 12-h light/dark cycle at 25°C and 50% humidity on normal lab food (Bloomington Drosophila Stock Center). Flies were flipped to fresh food every 2 days. The FK506-BP2 allele was backcrossed to the lab w 1118 for more than 10 generations. For S107 analysis, wild type and FK506-BP2 flies were kept on normal lab food for 35 days, at which point they were put on food containing 50 g/ml vehicle (ethanol) (Sigma-Aldrich) or 50 FIGURE 7. FK506-BP2 in muscle is responsible for paraquat resistance. A and B, graphs represent the average value for maximum (Max vel., A) and average velocity (Ave. vel., B) on days 7 and 14 for FK506-BP2 (fkbp2); UAS-FK506-BP2 (fkbp2) control stock (black squares) and FK506-BP2 (fkbp2) mutants expressing FK506-BP2 only in the muscles (fkbp2; MHC/fkbp2; red triangles) treated with paraquat from 7 to 14 days of age (n ϭ 16 -34 events from 8 -17 animals). C and D, graphs represent average values for maximum (C) and average velocity (D) on days 7 and 14 for MHC-Gal4 driver (gray circles), UAS-FK506-BP2 (fkbp2) (black squares), and FK506-BP2 (fkbp2) muscle overexpression (red triangles) flies treated with paraquat from 7 to 14 days of age.
Error bars indicate S.E. Significance was determined using a Student's t test (A and B) or one-way ANOVA (C and D). *, p Ͻ 0.05. E and F, graphs represent average values for maximum (E) and average velocity (F) determined from 7 to 63 days of age for MHC-Gal4 (gray circles), UAS-FK506-BP2 (fkbp2) (black squares), and FK506-BP2 (fkbp2) muscle overexpression (red triangles) flies (n ϭ 17-41 events from 15-22 flies). Error bars indicate S.E. Significance was determined using ANOVA. *, p Ͻ 0.05; **, p Ͻ 0.01. G, the oxidation of the RyR limits the effectiveness of FK506-BP2 (Fkbp2) overexpression on motor function with increasing age. S107 promotes FK506-BP2 (Fkbp2) binding to the oxidized RyR overcoming this effect of increasing age on muscle function. g/ml S107 (a gift from Andrew R. Marks Lab). The food was prepared daily. Median life span was calculated after treatment. Analysis of the effects of S107 on survival was investigated using a log rank test on mean survival post drug addition and corrected for flies escaped during the analysis (p Ͻ 10 Ϫ6 ).
Proboscis Extension Reflex-Virgin flies of the appropriate age and genotypes were starved and deprived of water for 4 -6 h prior to PER analysis as previously described (35) . Briefly, digital videos of individual PERs were captured at 9.2 Hz for at least 2 min using Slidebook software (Intelligent Imaging Innovations, Denver, CO). The Slidebook particle tracking feature was used to manually track bristles, and values for average velocity, maximum velocity, and linear displacement were determined for each bristle path. Two paths per animal from 10 -20 animals were included in averages. For the effects of S107 and paraquat on muscle function, flies of appropriate age and genotypes were kept on normal food and at appropriate time transferred into vials containing a final concentration of 50 g/ml S107 (a gift from Andrew R. Marks Lab), 10 mM paraquat (Sigma-Aldrich), or equivalent volumes of vehicle (ethanol).
Molecular Biology-A full-length cDNA for FK506-BP2 (CG11001) was used as a PCR template for directional TOPO cloning into pENTR (Invitrogen). The Gateway cloning system (Invitrogen, Waltham, MA) and appropriate pUAS-based destination vector was used for microinjection (Drosophila Genomics Resource Center). The presence of the transgene was screened by genomic PCR using primers 5Ј-CACCATGGGC-GTACAAGTAGTTCCAATTGC-3Ј and 5Ј-CGAGCTGCTC-AAGGTCGAATAG-3Ј. The location of the P{SUP}FK506-BP2 KG00828 P-element was verified by genomic PCR for disruptions of CG11001 (FK506-BP2) using primers 5Ј-CCAA-CTCCACCCTCACCTTCG-3Ј and 5Ј-CGACGAGCCG-AAGAACATCAT-3Ј.
Immunoblot Analysis of 4-Hydroxynonenal-10 female wild type and FK506-BP2 flies of indicated ages and conditions where homogenized in 150 l of 2ϫ sample buffer (100 mM Tris, pH 6.8, 20% glycerol, 4% SDS) containing 10% ␤-mercaptoethanol. Extracts were boiled for 10 min and cleared by centrifugation (5,000 rpm at room temperature, followed by 13,000 rpm at 4°C). Total protein amounts were determined prior to gel loading using a Pierce 660-nm protein assay (Pierce), and SDS-PAGE was performed using 4 -15% gradient gels and transferred to nitrocellulose membranes. 5 g of protein extract was loaded per lane. The membranes were blotted with 5% milk in 1% Tween 20, TBS, pH 7.4, at room temperature for 1 h. The membranes were initially probed with primary antirabbit HNE polyclonal antibody (1:1000) (Alpha Diagnostics (San Antonio, TX) and secondary horse radish peroxidase-labeled goat anti-rabbit IgG antibody (1:2500) (Santa Cruz Biotechnology, Dallas, TX). All blots were subjected to hydrogen peroxide inactivation of secondary antibodies and reimmunoblotted using a mouse anti-tubulin antibody (1:30,000) (Developmental Studies Hybridoma Bank, Iowa City, IA). Immunostained proteins were visualized using ECL detection method, and band intensity was analyzed using ImageJ. Band intensity for each lane was normalized to its tubulin intensity values. The averages of normalized data were statistically analyzed by pair-wise comparisons using a Student's t test. p values of Ͻ0.05 were considered statistically significant.
Detection of Drosophila RyR Oxidation-100 flies from different genotypes were frozen at Ϫ80C and homogenized in 500 l of homogenization buffer (0.25 M sucrose, 10 mM Tris, pH 7.4, 20 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitors; Roche). The homogenates were centrifuged for 10 min at 1000 ϫ g at 4°C. The resulting supernatant was removed and centrifuged at 115,000 rpm for 40 min at 4°C in a TLA120.2 (Beckman Coulter, Brea, CA). The pellet was resuspended in a buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, and protease inhibitors. Proteins were precipitated using TCA, washed with acetone, and resuspended in 2ϫ sample buffer (100 mM Tris, pH 6.8, 20% glycerol, 4% SDS) containing 10% ␤-mercaptoethanol and boiled for 10 min. The samples were subjected to SDS-PAGE using 7.5% Tris-HCl gels and transferred to nitrocellulose membranes. The membranes were incubated with primary guinea pig Drosophila anti-RyR antibody (1:1000) (a gift from Scott Robert L. Scott, Benjamin White Lab, National Institutes of Health) followed by appropriate secondary antibodies. The Drosophila RyR antibody was generated against the LRARA-ILRSLVPLEDLQGV peptide sequence (49) . Immunostained proteins were visualized using ECL detection method. RyR channel oxidation was assessed by derivation of the carbonyl groups in the protein side chains to 2,4-dinitrophenylhydrazone (DNP-hyroazone) by reaction with DNPH using an OxyBlot TM protein oxidation detection kit (Millipore). RyR channel nitrosylation was assessed with anti-Cys-NO antibody (1:1000) (Alpha Diagnostic International, San Antonio, TX). For immunoprecipitation, the resuspended protein (see above) was further diluted (1:1) in a modified radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 7.4, 0.9% NaCl, 5.0 mM NaF, 1.0 mM Na 3 VO 4 , 1% Triton X-100, and protease inhibitors) and incubated at 4°C for 2 h with protein G Dynabeads previously incubated with anti-RyR antibody as described in protocol (Life Technologies). The immune complexes were eluted from the beads by adding 2ϫ sample buffer followed by boiling for 5 min. Proteins were separated on SDS-PAGE gels (7.5% Tris-HCl gels) and transferred onto nitrocellulose membranes for 1.5 h at 350 mA. Membranes were immunoblotted normally using the Drosophila anti-RyR antibody (1:1000) and processed for DNPH as described above.
Wall Climbing/Negative Geotaxis-Virgin flies of appropriate age and genotypes were anesthetized under carbon dioxide and allowed to recover for 60 min. Empty polystyrene vials were vertically joined by tape facing each other. For the lower vial a vertical distance of 8 cm was measured above the bottom surface and marked. 10 -15 flies were transferred into the lower vial. The flies were gently tapped to the bottom and the number of flies that climbed above the 8-cm mark by 10 s after the tap was counted manually.
CM9 Microscopy-CM9 muscles from 7-day-old female flies of indicated genotypes were processed for immunofluorescent microscopy using the primary antibody to Discs-large (1:500; Developmental Studies Hybridoma Bank) as previously described (35) . CM9 muscle fibers were manually counted. For the analysis of myonuclei density, images were captured at 63 ϫ
